Abstract-In this article, we present a complementary metal-oxide semiconductor microelectromechanical system (CMOS MEMS) thermoelectronic flow sensor and discuss the advantages of employing anemometric and calorimetric transduction principles simultaneously. This readout concept exploits the fact that anemometric flow sensors take advantage of the maximum temperature generated within the device and, thus, are provided with the maximum flow sensitivity, while calorimetric flow sensors have the temperature sensing elements placed away from this maximum temperature region and, thus, are intrinsically less sensitive. At the same time, fluid flow direction discrimination in bidirectional flow sensors can be achieved by simply looking at the polarity of the differential signal coming from the temperature sensors placed aside the heating element. We also show that thermoelectronic flow sensors can benefit by having temperature sensors formed by an array of diodes to further enhance the device sensitivity. Although we apply these concepts to a sensor with a nonoptimum design and lacking any support electronics (e.g., filters, amplifiers, constant temperature driving circuitry, etc.), results are among the best ever reported in literature (including non-CMOS technologies), thus showing the high potential of our technology.
I. INTRODUCTION
Flow sensors are required in many application fields; some examples include smart energy (e.g., white goods, HVAC and gas meters), industrial automation and safety (e.g., dispensing and leakage monitoring), and medicine (e.g., drug delivery, respiratory machines and metabolic measurements). The wide-spreading of semiconductor micromachining technologies has surely enabled the development of new ideas and concepts for thermal flow sensing devices [1] . They generally comprise at least one electro-thermal transducer (or heating element) and at least one thermo-electrical transducer (or temperature sensor). During operation, the fluid interacts with the heating element, and the temperature sensor provides a measure of such interaction. Depending upon the physical phenomenon governing the interaction between the fluid and the sensor, thermal flow sensors can be classified into the following three categories: (i) anemometric sensors, which measure the convective heat transfer induced by fluid flow passing over a heated element; (ii) calorimetric sensors, which detect the asymmetry of the temperature profile generated by a heated element and caused by the forced convection of the fluid flow; and (iii) time of flight sensors, which measure the time elapsed between the generation and the sensing of a heat pulse. The electro-thermal transduction is always based on Joule heating effect. The thermo-electrical transduction, on the other hand, may be based on a diversity of mechanisms: (i) thermoresistive (e.g., [2] - [5] ); (ii) thermoelectric (e.g., [6] - [10] ); and (iii) thermoelectronic (e.g., [11] and [12] ).
In the past, it has been shown that the flow sensors' performance can be enhanced by combining anemometric and calorimetric transduction principles. In [13] , a high dynamic range is achieved by using calorimetric and anemometric transduction principles, respectively, at low and high flow rates, and in [14] , the anemometric signal is correlated to the flow velocity, while the calorimetric signal identifies the transition point between laminar and turbulent flow.
In this article, we experimentally show that simultaneous application of anemometric and calorimetric transduction principles allows the thermal flow sensor to have maximum sensitivity, signal-to-noise ratio, and dynamic range while maintaining flow direction discrimination capabilities.
II. EXPERIMENTAL

A. Sensor Design, Fabrication, and Packaging
The sensor was designed using Cadence Virtuoso layout editor. Fig. 1 shows an optical micrograph of a fabricated chip. The device comprises five tungsten resistors (often referred to as hot-wires) with a length of 400 μm and a width of 2 μm, connected to the pads via tracks with a width of 20 μm. Each resistor is also provided with two extra tracks for resistance measurements in a 4-wire configuration. Underneath each hot-wire is placed a p + / p − well/n+ diode temperature sensor (often referred to as thermodiode). The spacing between each heating/sensing element pair is 100 μm, with the central pair (3) placed on the symmetry axis of the chip. Heating elements and temperature sensors are embedded within an approx. 5 μm thick dielectric membrane (1.2 mm diameter). Fig. 2 depicts a schematic cross-section of the fabricated thermoelectronic flow sensor chip. The device was fabricated using a 1 μm SOI CMOS process with tungsten metalization followed by DRIE back-etch in a commercial foundry. Tungsten was chosen as metal layer for its low susceptibility to electromigration and high mechanical 1949-307X C 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. strength. The membrane was released by DRIE, enabling chip size reduction due to the near vertical cavity sidewalls. The 6-in wafers were laser diced in a commercial dicing house into 1.6 mm × 1.6 mm in size dies. Several chips were subsequently wedge bonded and surface flush mounted onto ceramic pin grid array (CPGA) packages.
B. Sensor Characterization
After extraction of the tungsten first and second order temperature coefficient of resistance, the electro-thermal conversion efficiency (i.e., heating efficiency) was measured to be 45 μW/°C and the thermodiode sensitivity at 10 μA driving current was measured to be −1.6 mV/°C. The thermoelectronic flow sensor was then calibrated in air for wall shear stress measurements in the range 0-0.95 Pa, using a suction driven wind tunnel (width: 50 cm; height: 2.5 cm; length: 2.5 m). The pressure profile along the wind tunnel was measured and recorded in order to calculate the wall shear stress as τ = (d P/dx)(h/2), where τ is the mean wall shear stress, d P/dx is the pressure gradient in the stream-wise direction x, and h is the wind tunnel height. Two Keithley 2401 were respectively used to (i) drive the central resistor (3) (injecting a current I H = 10 mA, which results in a heating element average temperature of 300°C and a DC power dissipation of 13 mW) and (ii) forward bias the five thermodiodes connected in series (injecting a current I d = 10 μA). A LabView controlled Keithley 2700 equipped with a Keithley 7700 20 channels multiplexer was used to automatically measure and record the voltage across the central hot-wire (V H3 ) in a 4-wire configuration and the voltage drops across each thermodiode (V d1 , V d2 , V d3 , V d4 , V d5 ). For each wall shear stress value data were acquired for ten seconds with a time step of one second; then the average and the standard deviation were calculated. Anemometric and calorimetric calibration curves are reported, respectively, in Figs. 3 and 4.
III. DISCUSSION
In [12] , our group discussed the intrinsic advantages of thermoelectronic flow sensors employing a CMOS MEMS technology with tungsten metalization in comparison to their thermoresistive and thermoelectric counterparts. Hereafter, we will discuss the benefits of using anemometric and calorimetric transduction principles simultaneously, applied to a thermoelectronic flow sensor.
In Fig. 3(a) , calibration results of the thermoelectronic flow sensor operating in anemometric configuration are presented. In stagnant air (τ = 0 Pa), the temperature of the heating element is 300°C, and the voltage across the thermodiode (V d3 @τ = 0) is 0.32 V. As the air flow rate increase (τ increases) the hot-film is cooled down and the voltage across the diode (V d3 @τ = x) increases, and thus, the sensor output (V d3 @τ = x − V d3 @τ = 0) increases. The typical behaviour of thermal flow sensors can be observed (i.e., high sensitivity at low flow rates and flattening of the output for increasing flow rates). In Fig. 3(b) , the sensor's sensitivity, defined as the slope of the linear fit between two consecutive data points, is plotted as a function of the wall shear stress. A maximum sensitivity of 460 mV/Pa and a minimum sensitivity of 40 mV/Pa are respectively obtained at low and high wall shear stress values. The main drawback of anemometric flow sensors is the incapability of detecting the flow direction. In Fig. 4 , calibration results of the thermoelectronic flow sensor operating in different calorimetric configurations are presented. In stagnant air (τ = 0 Pa) the temperature of the heating element is 300°C and moving perpendicularly away from the central resistor towards the membrane edge the temperature decreases. As the flow increases the membrane (often referred to as hot-film) is cooled down, and because the fluid flow cooling effect is more efficient upstream than downstream an asymmetry in the temperature profile is induced. The calorimetric transduction principle provides a measure of this asymmetry. In Fig. 4(a) the difference between two diodes' voltage differences at τ = 0 Pa and two diodes' voltage differences at τ = x Pa is plotted, for different diodes' pairs. In Fig. 4(b) the sensitivity of each configuration is shown. When the diodes' pairs are symmetrically positioned aside the resistor (see (1)- (5) and (2)- (4)), the distance between the heating element and the sensing elements affects the sensitivity of the sensor. The bigger this distance is, the higher the sensitivity of the sensor will be at low flow rates. However, at high flow rates having the sensing pair as close as possible to the heating element is preferable. A maximum sensitivity of 320 mV/Pa and a minimum sensitivity of 3 mV/Pa were respectively obtained at low and high wall shear stress values, for the thermodiodes' pair (1)- (5) . A maximum sensitivity of 230 mV/Pa and a minimum sensitivity of 6 mV/Pa were respectively obtained at low and high wall shear stress values, for the thermodiodes' pair (2)-(4). When the diode pairs are asymmetrically positioned aside the hot-wire (see (1)- (4) and (2)- (5)), the distance between the upstream temperature sensor and heating element has to be minimized, while the distance between the downstream temperature sensor and the heating element has to be maximized. In contrast with the temperature sensors' symmetric arrangement, asymmetric placement does not result in a trade-off between sensitivity and range. This behaviour is consistent with literature [15] , [16] . A maximum sensitivity of 370 mV/Pa and a minimum sensitivity of 14 mV/Pa were respectively obtained at low and high wall shear stress values, for the thermodiodes' pair (2)-(5). A maximum sensitivity of 190 mV/Pa was obtained for the thermodiodes' pair (1)- (4) although inversion of the calibration curve was observed at 0.2 Pa, making the sensor unsuitable for measuring higher wall shear stress values. Even though the sensing elements' asymmetric placement seems to be superior with respect to the symmetric one, it is worth mentioning that, if an asymmetric arrangement of the sensing elements is chosen, the sensitivity characteristic will not be symmetric with respect to the direction of the flow.
From the previous analysis a trade-off between sensitivity/range and flow direction detection capabilities is evident. The anemometric configuration guarantees the best sensitivity and wider dynamic range, due to the fact that the temperature sensing element is positioned in the hottest area of the sensor and is, thus, subject to a more efficient convective heat transfer. The calorimetric configuration although provides information about the flow direction, does not take advantage of the maximum temperature on the membrane since in order to be implemented requires the sensing elements to be placed aside the heating element. We thus suggest using the anemometric sensor output as a measure of the flow intensity and only the polarity of the calorimetric output as identifier for the flow direction (i.e., following the conventions used in this work, if the calorimetric output is positive the fluid is flowing from left to right, and if the calorimetric output is negative the fluid is flowing from right to left).
One of the advantages of employing diodes as temperature sensing elements lies in the possibility of increasing the overall temperature sensor sensitivity by putting the diodes in array from. The sensitivity will be enhanced by a factor equal to the number of diodes in series (N ), while the noise will only increase by √ N . It is important to mention that the maximum number of diodes in series is constrained by the readout circuitry supply voltage (since also the voltage across the diodes' array will increase by a factor equal to the number of diodes in series). With the current sensor design (not optimized for dual anemometric/calorimetric readout), when all five diodes are put in series (see Fig. 5 ), a maximum anemometric flow intensity sensitivity of 1.75 V/Pa and a minimum anemometric flow intensity sensitivity of 120 mV/Pa can respectively be obtained at low and high wall shear stress values. Accuracy is below 3%FS. When two diodes ((1) and (2) upstream and (4) and (5) downstream) are put in series a calorimetric flow direction sensitivity (flow sensor sensitivity around the zero) as high as 560 mV/Pa can be obtained.
Such performance is among the best ever reported in literature for flow sensors calibrated for wall shear stress measurements (including those realized in non CMOS technologies and employing support electronics [17] , [18] ). Future work will provide a detailed comparison with devices calibrated for other measurands (e.g., velocity, mass flow rate, etc.).
IV. CONCLUSION
In this article, we have discussed a dual anemometric/calorimetric thermoelectronic flow sensor as a solution to the intrinsic drawback of anemometric flow sensors (i.e., flow direction discrimination incapability) and calorimetric flow sensors (i.e., reduced sensitivity). This concept has been applied to a CMOS MEMS thermoelectronic flow sensor, but stands also for flow sensors based on thermoresistive and thermoelectric transduction principles. However, unique to thermoelectronic flow sensors is the possibility to have temperature sensors formed by an array of diodes to further enhance the performance of the sensor itself. The dual anemometric/calorimetric approach could be also extended to flow sensors with 2-D fluid direction discrimination capabilities and to other physical sensors based on thermal principles, such as thermal gyroscopes and thermal accelerometers. Future work will focus on sensor optimization and electronics integration, as well as on the development on packaging solutions compatible with high volume production lines.
